Background. Hepatitis E virus (HEV) is prevalent and causes disease worldwide, but its epidemiological profile is only partially understood.
atitis E in industrialized countries are generally caused by HEV genotypes 3 and 4 [7] [8] [9] [10] . In addition to causing occasional cases of human disease, these genotypes also circulate widely in swine populations [12] and can cause mild hepatitis in experimentally infected nonhuman primates [13] . These findings, along with other lines of evidence [13] [14] [15] [16] [17] , suggest that some cases of autochthonous hepatitis E in industrialized countries could reflect zoonotic transmission. Questions persist, however, regarding the origin of autochthonous hepatitis E among persons in developed countries who do not report any exposure to animal HEV reservoirs [7, 8, [18] [19] [20] . Furthermore, serosurveys have documented substantial HEV seroprevalence in blood donors in developed countries [21] [22] [23] [24] [25] [26] ; the mode of exposure and clinical significance of these infections are not well understood.
To better understand the epidemiological profile of HEV in developed countries, we tested a nationally representative sample of the United States (US) population for anti-HEV immunoglobulin G (IgG) antibodies, by use of a highly sensitive and specific enzyme immunoassay (EIA). We documented overall and subgroup-specific HEV seroprevalences in the United States and examined associations between HEV seropositivity and putative risk factors.
MATERIALS AND METHODS

Study population.
From 1988 through 1994, the National Center for Health Statistics (NCHS) conducted the Third National Health and Nutrition Examination Survey (NHANES III). NHANES III was a cross-sectional study of the civilian noninstitutionalized US population that was designed to provide national statistics on the health and nutritional status of the general household population through household interviews, standardized physical examinations, and the collection of biological samples in special mobile examination centers. To ensure adequate sample sizes of specific subgroups of the US population, Mexican Americans, non-Hispanic blacks, children, and elderly individuals were oversampled. Details of the design and methods of NHANES III are available elsewhere [27] .
Of the 24,713 examined NHANES III study participants у6 years of age, 18,695 participants had serum samples available for evaluation in this study. Study participants for whom serum samples were not available were more likely to be male (P ! ), younger ( ), and of a different race/ethnicity ( .01 P ! .01 P ! ) than participants for whom serum samples were available. .01 Written informed consent was obtained from all NHANES III study participants, and the institutional review boards of the NCHS and the Johns Hopkins Bloomberg School of Public Health (hereafter referred to as "Johns Hopkins") approved the present study before it was initiated.
Laboratory methods. In the present study, we used an "inhouse" EIA developed at the US National Institutes of Health to test NHANES III serum samples for anti-HEV IgG antibodies. The assay, which uses a truncated 56-kDa recombinant HEV capsid protein expressed in insect cells as antigen, was performed as described elsewhere [28] , with modifications [29] . The assay has been used extensively for measuring anti-HEV in studies of HEV infection in humans and swine and for evaluation of the efficacy of hepatitis E vaccine in nonhuman primates [30] [31] [32] [33] . The antibodies measured by this assay include the principal, if not only, neutralizing antibody to the virus [34] .
In brief, wells of polystyrene microwell plates (Nunc 468667) were coated with recombinant HEV antigen diluted in a carbonate-bicarbonate (pH 9.6) buffer and allowed to bind to the solid phase at room temperature for ∼18 h. The antigen concentration was ∼0.025 mg/well (a concentration slightly lower than that used in previous investigations). Next, unbound antigen was removed, and the wells were washed twice with a wash solution (KPL 50-63-00) that contained 0.02% Tween 20 in 0.002 mol/L imidazole-buffered saline by use of an automated plate washer. Wells were blocked with 1% bovine serum albumin/gelatin (KPL 50-61-00) at 37ЊC for 1 h to prevent nonspecific binding. The buffer was then suctioned off, and capture plates were stored at -80ЊC with desiccant in plastic bags.
Immediately before use, plates were washed twice. All NHA-NES III serum samples and negative control samples were prediluted with blocking buffer to a net starting dilution of 1:20 in a separate noncoated microwell plate, and 10 mL of each diluted sample was transferred to corresponding test plate wells that contained 90 mL of blocking buffer, for a final testing dilution of 1:200. The test plates were incubated at 37ЊC for 30 min. After plates were washed 4 times to remove unbound material, 100 mL of horseradish peroxidase-labeled anti-IgG (KPL 074-1006) was added to each well, and plates were incubated at 37ЊC for 30 min. After this incubation, unbound conjugate was removed by washing. To start the enzymatic color reaction, 100 mL of ABTS substrate (KPL 50-66-00) was added, and absorbance was read at 405 nm every 2 min for 30 min. A time point was selected that most closely matched our acceptability criteria for the slope, intercept, and value of a 2 R secondary anti-HEV standard series and that had valid values for the blank and negative control samples.
Negative control serum samples were obtained from HEVnaive chimpanzees. The anti-HEV standard series consisted of serial dilutions of a secondary anti-HEV standard, which is modeled to match the World Health Organization (WHO) 95/ 584 anti-HEV preparation (available from the National Institute for Biological Standards and Control, Hertfordshire, England). The cutoff level for each test run was set by the 0.01-WHO unit sample in the anti-HEV standard series, which is ∼2.5 times the mean optical density measurement of the negative control samples. NHANES III serum sample values were expressed, after subtraction of background optical density values, as the ratio of the NHANES III sample optical density value to the 0.01-WHO unit sample optical density value. Samples with ratios 11.0 were classified as seropositive.
All NHANES III serum samples were tested at Johns Hopkins by a single trained technician. The samples were tested only once. After testing at Johns Hopkins was completed, a random sample of 109 of the putatively seropositive serum samples was sent to the Hepatitis Viruses Section, Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health for supplemental testing. This supplemental testing included retesting of samples by use of the EIA system described above and conducting a variation of an anti-HEV antigen-specific blocking assay described elsewhere [35] . In brief, each sample and the control samples were preincubated with 1.0 mg/mL of either phosphate-buffered saline or HEV antigen (Sar55) at 25ЊC for ∼18 h. Next, the samples were tested using the standard anti-HEV EIA procedure described above. Optical density values for phosphate-buffered saline-treated versus HEV antigen-treated samples were compared, and the samples that showed у40% blocking were classified as reactive and specific. We chose the criterion of у40% blocking on the basis of the average blocking rate of a lowlevel (0.004-WHO unit) positive standard.
Of the 109 samples found to be putatively seropositive by the technician at Johns Hopkins, 88 were confirmed to have positive results by use of the blocking assay, 7 were considered to have indeterminate results, and 14 were found to have negative results. On the basis of this information and a comparison of the EIA results, a decision was made to adjust the seropositivity cutoff level slightly upward, to increase specificity at a cost to sensitivity. This higher cutoff level for seropositivity translated to a mean of 0.016 WHO units (standard deviation [SD], 0.0025 WHO units). Of the 109 samples originally designated as being seropositive, 84 had ratios greater than the higher cutoff level for seropositivity. Of these 84 samples, 77 were confirmed to have positive results by use of the blocking assay, 4 were considered to have indeterminate results, and 3 were found to have negative results. We estimated that the testing performed at Johns Hopkins, using the higher seropositivity cutoff level, had a positive predictive value of 92% (results were positive for 77 of 84 samples), compared with the blocking assay conducted at the Hepatitis Viruses Section. All laboratory testing was conducted in a blinded fashion: that is, laboratory results were linked to the NHANES III data set only after the completion of all laboratory testing.
Definitions. Race/ethnicity was defined by self-report and was categorized as non-Hispanic white, non-Hispanic black, and Mexican American. Persons not fitting these categories were classified as belonging to the "Other" race/ethnicity category. Region was defined by standard US Census Bureau categories: Northeast, Midwest, South, and West. Residence in central or fringe counties of metropolitan areas with a population of у1 million was defined as metropolitan residence. Nonmetropolitan residence was defined as residence in all other areas not defined as a metropolitan area. This definition, developed by the US Department of Agriculture, was used by the NCHS to assign a metropolitan or nonmetropolitan residence category to each NHANES III participant. Poverty was defined as a poverty income ratio of !1.0. A poverty income ratio was computed by NCHS for each NHANES III participant, by use of the observed family income category, the age of the family reference person, the calendar year, and the Census Bureau poverty threshold value. Because of nonresponses regarding income, the potential for bias in the poverty income ratio may be high. A crowding index variable was created by dividing the number of household residents by the total number of reported household rooms (excluding bathrooms) and was expressed as the number of persons per room.
Statistical methods. We calculated the overall seroprevalence of HEV as well as seroprevalence estimates specific to sex, race/ethnicity, geographic region, and country of birth. Seroprevalence estimates were weighted (1) to denote the total civilian noninstitutionalized US household population in the age groups covered, (2) to account for oversampling, and (3) to account for nonresponse to the household interview and physical examination but not for nonresponse to phlebotomy. The weights were further ratio adjusted (by age, sex, and race/ethnicity) to the US population control estimates from the Current Population Survey adjusted for undercounts [36] . We tested bivariate associations of sex, race/ethnicity, country of birth, and geographic region with HEV seropositivity, using unadjusted logistic regression models. We plotted HEV seroprevalence by age within the following strata: sex, race/ethnicity, country of birth, and geographic region.
We calculated age-adjusted HEV seroprevalence estimates for selected demographic variables for the total US-born population, and we stratified those estimates by race/ethnicity. Ageadjustment procedures used the 2000 US census population as the standard population, as recommended by the NCHS. We tested associations between selected demographic variables and HEV seropositivity for the US-born population and for racial/ ethnic groups in separate logistic regression models, adjusting only for age (8 age groups).
We calculated HEV seroprevalence estimates for selected risk factors for the US-born population and tested associations between risk factors and HEV seropositivity in separate logistic regression models, adjusting for age (8 age groups), sex, race/ethnicity, and geographic region of residence. All statistical analyses were performed using SAS software (version 9.1; SAS Institute) SURVEY procedures. These procedures allow for specification of NHANES III design parameters as well as sample weights. Standard errors associated with these procedures were estimated via Taylor series linearization.
RESULTS
On the basis of the testing of 18,695 NHANES III study participants у6 years of age, the seroprevalence of HEV in the civilian noninstitutionalized US population from 1988 through 1994 was 21.0% (95% confidence interval [CI], 19.0%-22.9%). Seroprevalence estimates specific to sex, race/ethnicity, country of birth, and geographic region are shown in table 1. As seen in table 1, the seroprevalence of HEV among individuals born outside the United States was significantly higher than that among individuals born in the United States. Figure 1 shows the seroprevalence of HEV by age group for individuals in different sex, race/ethnicity, country of birth, and geographic region strata. As seen in each panel of figure 1 , HEV seropositivity was generally rare among children and generally increased with age. Among individuals born in the United States, the increase with age was most marked between the age group of 20 to 29 year olds and that of 30 to 39 year olds. Among individuals born in Mexico, the first marked increase in seropositivity occurred between the age group of 12 to 19 year olds and that of 20 to 29 year olds. Table 2 shows age-adjusted seroprevalence estimates for the total US-born population and for non-Hispanic whites, nonHispanic blacks, and Mexican Americans, for selected demographic variables. As seen in table 2, males had higher seroprevalence estimates than did females in each racial/ethnic group analyzed. Individuals living in the South had the lowest regional seroprevalence estimates, and individuals living in the Midwest had the highest regional seroprevalence estimates in each racial/ethnic group analyzed. An equally consistent finding is that seroprevalence estimates were higher among individuals living in metropolitan areas than among those living in nonmetropolitan areas, for each racial/ethnic group analyzed. To better understand the negative association between HAV and HEV seropositivity, we tested for statistical interactions between HAV and each adjustment variable (e.g., age, sex, race/ ethnicity, and region of residence). None of the interaction terms associated with these tests was statistically significant (data not shown).
DISCUSSION
The results of the present study suggest that exposure to HEV is common in the general US population. The seroprevalence estimate observed in the present study is similar to estimates observed in studies of US blood donors presented elsewhere [21, 22] , but it is higher than estimates reported from other developed countries [23] [24] [25] [26] 37] . Two factors may help explain these differences, although further research on this topic is needed. First, the sensitivity and specificity of anti-HEV assays vary significantly. Previous studies found a higher prevalence of anti-HEV by use of the EIA used in this study than by use of commercial assays [38, 39] . This finding may have been the result of the fact that the anti-HEV EIA used in the present study uses a recombinant open-reading frame 2-derived capture antigen that detects antibody to HEV genotypes 1 and 3 equally well [30] . This assay may also detect remote infections better than commercial assays that were developed to diagnose acute HEV infection [39] . Second, the geographic differences in the HEV seroprevalence within and between developed countries may be pronounced. Evidence of significant geographic heterogeneity has been noted elsewhere [25, 37] , as well as in this study.
Despite the high HEV seroprevalence observed in the United States in this and in previous studies, clinical hepatitis E of autochthonous origin is rarely reported in the United States [7, 11, 40] . Several hypotheses may help explain this apparent discrepancy, although further research is needed. First, it is likely that some of the HEV seroprevalence observed in this study stemmed from exposure to autochthonous HEV genotype 3; it has been hypothesized that HEV genotype 3 may be less virulent than HEV of other genotypes [41, 42] . Genotype 3 viruses circulate widely in US swine populations [12] , and infectious genotype 3 virus has been isolated from pig livers sold at US grocery stores [43] , suggesting that exposures to this genotype could be common. Second, it is possible that HEV causes clinical symptoms in a dose-dependent manner and that US individuals are generally exposed to only low doses of virus; evidence of dose-dependent infection and viral replication has been previously observed in experimentally infected swine [13] . Last, it is also possible that autochthonous hepatitis E is underreported in the United States, in part because there is no US-licensed diagnostic test for anti-HEV.
We observed that birth outside the United States was significantly associated with HEV seropositivity. This finding is consistent with the hypothesis that HEV infection is common in many developing countries (most foreign-born individuals in the United States emigrate from developing countries). We also observed elevated, albeit not significant, odds of seropositivity associated with military service. Military service in the United States often entails travel to developing countries and to remote areas. Together, these 2 findings suggest that some of the HEV seroprevalence observed in the present study is attributable to HEV infections acquired in developing coun- NOTE. Seroprevalence estimates were weighted (1) to denote the total civilian noninstitutionalized US household population in the age groups covered, (2) to account for oversampling, and (3) to account for nonresponse to the household interview and physical examination but not for nonresponse to phlebotomy. CI, confidence interval; reference, reference group.
a Includes individuals whose race/ethnicity was "Other." b Totals vary because of incomplete reporting.
c , compared with the reference group. P ! .05 d No estimate was available because of the small sample size. e Defined as residence in all other areas not defined as a metropolitan area. f Defined as residence in central or fringe counties of metropolitan areas with a population of у1 million. tries. It is also possible that other travel to developing countries contributed to the HEV seroprevalence observed in the present study; the NHANES III questionnaire did not include questions regarding foreign travel.
Consistent with previous studies [8, 9, 16, 18, 44] , we found evidence that HEV seropositivity was positively associated with having pets and dogs in the household and with consumption of liver or other organ meats in the US-born population. Antibody to HEV has been detected in a wide variety of animal species [45] [46] [47] , suggesting that exposures to pets and other animals could play a role in HEV transmission cycles. However, detection of HEV RNA in biological samples collected from animals other than swine has not been common, suggesting that pets may be accidental rather than primary hosts. It is also possible that common causes could explain the association between pets and HEV seropositivity. The association between consumption of liver or other organ meats and seropositivity, however, is highly plausible, consistent with the findings of previous compelling studies [16, 17] .
It is possible that some of the HEV seroprevalence observed in this study was not associated with travel to developing countries and zoonotic exposures. Transfusion-transmitted HEV infections have been documented elsewhere [48, 49] , and the significant association observed in the present study between HEV seropositivity and antibody to hepatitis C virus is consistent with a hypothesis of transfusion-associated HEV transmission. However, use of cocaine or crack, a surrogate marker for injection drug use in NHANES III, was not associated with HEV seropositivity, a finding that is consistent with the findings of a previous study [22] . The estimates of HEV seroprevalence observed in this study varied markedly by race/ethnicity, geographic region, and metropolitan residence status; numerous factors could explain these differences. The Midwestern region of the United States had the largest swine population at the time of NHANES III and the highest observed seroprevalence. Residents of metropolitan areas may be more likely to travel to developing countries.
In bivariate analysis, we observed a positive association be- NOTE. Seroprevalence estimates were weighted (1) to denote the total civilian noninstitutionalized US household population in the age groups covered, (2) to account for oversampling, and (3) to account for nonresponse to the household interview and physical examination but not for nonresponse to phlebotomy. CI, confidence interval; HAV, hepatitis A virus; HBV, hepatitis B virus; HCV, hepatitis C virus; OR, odds ratio. tween HAV and HEV seropositivity among US-born participants. After we adjusted for age in the multivariable model to control for the confounding effect of age, we observed a negative association between HAV and HEV seropositivity. The negative association between HAV and HEV seropositivity is consistent with the negative association observed between poverty and HEV seropositivity among US-born participants, but more research is needed to better understand the meaning of this finding. However, this association is unlikely to be due to HAV vaccination; the NHANES III study was conducted before widespread use of HAV vaccine in the United States. The present study has some limitations. First, there was some misclassification of anti-HEV serostatus. The diagnostic testing conducted at Johns Hopkins was not perfectly predictive, compared with testing conducted at the Hepatitis Viruses Section. Given the blinded nature of this study, however, we believe that all misclassification was nondifferential. Second, this study did not have sufficient statistical power to examine associations between uncommon exposures and HEV seropositivity. For example, the numbers of NHANES III participants reporting rodents and farm animals as pets and consumption of liver or other organ meats 15 times per month were too small for meaningful analysis. Third, the HEV seropositivity measured in this study reflects exposure to all HEV genotypes; therefore, a precise picture of HEV genotype-specific epidemiological profiles was not possible in this investigation. Last, the NHANES III questionnaire did not include information on several topics of potential interest (e.g., vegetarianism, history of blood transfusion, and injection drug use).
The current study represents, to our knowledge, the largest population-based study of HEV yet conducted and notably includes significant numbers of children and elderly individuals. These results do not, however, shed light on long-term epidemiological trends of HEV infection in the United States. However, they are consistent with results obtained in Denmark, where a similar age-specific prevalence of anti-HEV was observed [50] . In that study, clear evidence for a cohort effect was obtained, suggesting that the incidence of HEV infection was higher in the past, a phenomenon also widely observed for HAV infection. In contrast, evidence from Japan suggests that HEV infection rates are not decreasing markedly over time in that country [26, 51] , possibly because exposure remains higher there than in many Western countries. Until the epidemiological profile of HEV is better understood, HEV may be considered to be a possible etiologic agent of acute and chronic hepatitis in US patients reporting no travel history.
